Li abundances in the bulk of low-mass metal-poor stars are well reproduced by stellar evolution models adopting a constant initial abundance. However, a small number of stars have exceptionally high Li abundances, for which no convincing models have been established. We report on the discovery of 12 very metal-poor stars that have large excesses of Li, including an object having more than 100 times higher Li abundance than the values found in usual objects, which is the the largest excess in metal-poor stars known to date. The sample is distributed over a wide range of evolutionary stages, including five unevolved stars, showing no clear abundance anomaly in other elements. The results indicate the existence of an efficient process to enrich Li in a small fraction of low-mass stars at the main-sequence or subgiant phase. The wide distribution of Li-rich stars along the red giant branch could be explained by dilution of surface Li by mixing that occurs when the stars evolve into red giants. Our study narrows down the problem to be solved to understand the origins of Liexcess found in low-mass stars, suggesting the presence of unknown process that affects the surface abundances preceding red giant phases.
INTRODUCTION
Lithium (Li) abundances in the bulk of unevolved low-mass stars with low metallicity are almost constant, which is recognized as a result of the Big Bang nucleosynthesis (Spite & Spite 1982) , although a problem that the value is systematically lower than that expected from standard models remains (e.g., Cyburt et al. 2016 ). Li is, on the other hand, destroyed by nuclear reactions inside stars with temperatures higher than 2.5 million K. The surface Li is diluted by more than one order of magnitude by mixing with the layers in which Li is already depleted when a star evolves into a red giant. This is the feature found by systematic observations for globular cluster stars (Lind et al. 2009 ), demonstrating the overall success of the structure and evolution models for low-mass stars.
There is, however, a small fraction of low-mass stars that show extremely high Li abundances (Kumar et al. 2011) , including globular cluster stars (Kraft et al. 1999) , and field metal-poor stars (Ruchti et al. 2011) . Whereas the Li production by the so-called Cameron-Fowler mechanism (Cameron & Fowler 1971) in the hot-bottom burning phase of AGB stars is identified as the source of Li-excess found in highly evolved, luminous objects (Smith & Lambert 1989) , no models have been established to explain this phenomenon for less luminous stars, making this problem a challenge to the theory of low-mass star evolution.
Scenarios proposed to explain the Li-excess in low-mass stars include i) extra mixing in red giants, in particular at the so-called red giant branch (RGB) bump (Sackmann & Boothroyd 1999; Charbonnel & Balachandran 2000) , ii) accretion of rocky planets that contain Li (Ashwell et al. 2005) , iii) mass transfer from Li-enhanced AGB or highly evolved red giants. Other Li production processes in a variety of sites and phenomena, e.g., novae (José & Hernanz 1998) and supernovae (Woosley et al. 1990) , are included in models of the Galactic chemical evolution, no quantitative models that explain Li-rich objects by such processes have been established. To examine such possibilities, observational studies of very metal-poor stars have advantages. One is that metal-poor stars are generally low-mass objects with long lifetimes, in contrast to metal-rich stars with Li-excess that include intermediate-mass objects (Kumar et al. 2011) , which could make the discussion complicated. Another advantage is that the normal Li abundance in main-sequence and subgiant phases is well defined for metal-poor stars, which is the so-called Spite plateau value (Spite & Spite 1982; Ryan et al. 1999) . Moreover, chemical composition of metal-poor stars is sensitive to the additional contribution of nucleosynthesis that caused Li-enhancement. Correlation of Li-excess and abundance anomaly of other elements, if any, could be a strong constraint on proposed scenarios.
Observational studies of very metal-poor stars with Li-excess are, however, still quite limited because of the low frequency of these objects. Ruchti et al. (2011) report six Li-rich giants with [Fe/H]< −1.7. Roederer et al. (2008) report a Li-enhanced star, HKII 17435-00532, around the RGB bump, showing enhancements of both r-and s-process elements. Another Li-enhanced giant, CS 22893-010, is reported by Roederer et al. (2014) . On the other hand, five Li-enhanced stars (not in the AGB phase) have been reported in very metal-poor star clusters. In NGC 6397, a very Li-rich star, up to A(Li) ∼ 4, located near the main sequence turn-off point was found by Koch et al. (2011) . Other four stars are red giants found in M 68, NGC 5053, and NGC 5897 (Kirby et al. 2016 ).
Here we report on discoveries of very metal-poor stars with large enhancement of Li in the Milky Way halo, and discuss their chemical properties and evolutionary stages.
Li-rich stars have been found in our program to study metal-poor stars by the low-resolution spectroscopy with the Large sky Area Multi-Object fiber Spectroscopic Telescope (LAMOST: Cui et al. 2012; Zhao et al. 2012 ) and high-resolution follow-up observation with the Subaru Telescope. Candidates of metal-poor stars are selected based on the results of a pipeline analysis and visual inspection of the spectra (Li et al. 2015) . Li-enhanced objects are then selected by visual inspection for the wavelength region around the Li 6708Å line. The sample consists of both red giants and unevolved stars, i.e. main-sequence turn-off stars and subgiants.
High-resolution spectroscopy was carried out for the candidates using the Subaru Telescope High Dispersion Spectrograph (HDS: Noguchi et al. 2002) . The spectra cover 4030-6760Å with R =60,000 and signal-to-noise ratios from 50 to 200, sufficient to determine abundance ratios of elements including Li. Table 1 lists the 12 stars that are observed with sufficient quality and turn out to be extremely Li-rich according to our analysis, as described below. Here, we select objects that have A(Li) > 2.0 for red giants and A(Li) > 3.0 for main-sequence turn-off stars and subgiants, which are at least about one order of magnitude higher than the Li abundances of typical metal-poor stars at similar evolutionary status (see below)
1 . For comparison purposes, high-resolution spectra of bright stars for which Li abundances are measured by previous studies are analyzed with the same technique (the four objects from the bottom in Table 1 ). Spectra of Li lines are shown in Figure 1 . These were found in a sample of about 950 candidates of very metal-poor stars, indicating that the fraction of Li-rich objects is on the order of 1% in metal-poor stars, which is similar to the estimate by Ruchti et al. (2011) .
High-resolution spectra are obtained at two or more epochs for most of the targets to investigate variations of radial velocities. A time variation of the radial velocity is detected for only one object (J1314+3741). Hence, no signature of high binary frequency has been found for Li-rich stars. Spectral line widths are also investigated for the high-resolution spectra. No significant excess of line widths due to stellar rotation is detected in our sample, except for J0554+5235 of which spectral lines suggest the rotation as rapid as 7 km s −1 . The strong Li absorption features show no detectable changes between different exposures.
Ten stars in our sample are included in the photmetry data of Catalina Survey 2 . Except for J0302+1356, which shows a variation of 0.5 magnitude in the V -band, our objects show no variation within the measurement errors (∼ 0.05 magnitude) in the past decade. Namely, no clear anomaly is found in photometry monitoring for most of our sample. objects with T eff higher than 5500 K, in which the Balmer line profiles are sensitive to the changes of T eff and g, these parameters are also estimated by the profile fitting for the Balmer lines following the procedure of Barklem et al. (2002) and Matsuno et al. (2017) . The results are given in Table 2 . The T eff 's obtained by these methods well agree with the values obtained by spectroscopic analysis of Fe lines.
The log g values of comparison stars are also estimated based on the parallax provided by TychoGaia Astrometric Solution (TGAS; Lindegren et al. 2016) . The log g values of the two warm comparison stars (HD 84937 and HD 140283) agree with those from the Balmer line analysis, whereas they are larger than those obtained by the spectroscopic analysis by 0.3-0.4 dex. Similar discrepancy is found between the values from spectroscopic analysis and from Balmer line analysis for the five warm Li-rich stars. This could be due to the non-NLTE (NLTE) effects in the analysis of Fe lines. The NLTE effect on log g estimates is reported to be 0.2-0.5 dex by Lind et al. (2012) for the evolutionary status and metallicity ranges of our sample.
The typical uncertainty of the T eff , log g, microturbulent velocity, and [Fe/H] for very metal-poor stars are 150 K, 0.3 dex, 0.3 km s −1 , and 0.3 dex, respectively. We adopt the T eff and log g obtained in the LTE analysis of Fe lines in the following abundance measurements. The changes of log g values by 0.3 dex, suspected from the estimates by other methods, do not significantly affect the results of elemental abundances.
A standard abundance analysis is carried out using the local thermodynamic equilibrium (LTE) model stellar photospheres (Castelli et al. 1997 ). The Li subordinate line at 6103.6Å is detected in nine out of the 12 objects in our sample (Table 2) , in which the Li resonance line at 6707.8Å is highly saturated (Figure 2 ). The LTE and NLTE Li abundances are determined from the subordinate line for these objects. The abundances are also determined from the resonance line for all targets including comparison stars. The NLTE analysis is based on the method from Shi et al. (2007) . Results are given in Table 2 . The LTE abundance derived from the subordinate line well agrees with the NLTE result, while the resonance line would require NLTE analysis for desaturation. The NLTE abundances from the two Li lines agree quite well. We adopt the average of the NLTE results from the two lines as the final Li abundance whenever available ( Table 2) .
Abundances of other key elements, C, Na, Mg and Ba, are determined by standard analysis for equivalent widths of atomic lines and by the spectrum synthesis method for the CH molecular band at 4315Å and for species with only one atomic line. The line lists of Aoki et al. (2013) for atoms and Masseron et al. (2014) for CH molecule are adopted. The results are given in Table 2 . The Na abundances are determined from the subordinate lines at 5682 and 5688Å for 10 out of the 12 objects, which are not sensitive to NLTE effects. For J0554+5235 and J1455+1251, for which subordinate lines are not detected, the Na abundances are estimated from the resonance lines at 5890 and 5896Å. For metal-poor stars with similar parameters, NLTE corrections are estimated to be as large as −0.5 dex (Andrievsky et al. 2007 ). Excluding the Na abundances for these two stars, the typical uncertainties of elemental abundance ratios are 0.12 dex, 0.31 dex, 0.13 dex, 0.15 dex and 0.18 dex for Li, C, Na, Mg and Ba, respectively.
The abundance ratios of C, Mg, and Ba determined for the Li-rich stars are typical values in very metal-poor stars. Na is overabundant in some objects, but its abundance is within the scatter found for very metal-poor stars with normal Li abundances. Hence, no signature of peculiarity of abundance ratios for elements other than Li is found in our sample. The exception is the most metal-poor object J0705+2552 that shows excesses of C, Na, and Mg. Such objects are, however, often found in extremely metal-poor stars with no Li-excess . We exclude this object from the following discussion and will report on the detailed properties separately.
4. DISCUSSION Figure 3 shows the stellar parameters and Li abundances of the Li-rich objects studied in the present work. The luminosity (L) in the left panel is estimated from T eff and g assuming a stellar mass of 0.8 M ⊙ . For this purpose, we adopt a NLTE correction for log g estimated by Lind et al. (2012) mentioned in §3. Li-rich metal-poor stars appear over a wide range of evolutionary stages in low-mass stars. In particular, our sample includes five subgiants, which should not have experienced significant mixing that occurs when a star evolves into a red giant (the first dredge-up). Only one warm Li-rich object was previously known in the globular cluster NGC 6397 (Koch et al. 2011) . A few other objects with less significant excess of Li have been found near the bottom of the red giant branch in globular clusters (Kirby et al. 2016) . Our study reveals that Li-excess in low-mass objects below the RGB bump, having luminosity lower than 100 L ⊙ , is not a unique phenomenon in clusters, but is also found in field metal-poor stars.
The metallicity range in which Li-excess appears is also quite wide, although all our targets are very metal-poor ([Fe/H]< −1.7).
The highest Li abundance, A(Li) = 4.5, is found in the subgiant J0741+2132. The Li excesses in other subgiants and red giants below the RGB bump are not as significant as in J0741+2132. The surface Li is diluted by the first dredge-up that mixes the Li-containing layer (∼0.03 M ⊙ ) with Li-free layer of the envelope (∼ 0.4 M ⊙ ). An example of model predictions is depicted in the right panel of Figure 3 . If a very large Li excess up to A(Li) = 4.5 is assumed as an initial value, the Li excess of stars with A(Li) ∼ 3 below the RGB bump can be explained by the dilution due to the first dredge-up. This is a natural explanation for the presence of Li-rich objects at any evolutionary status, which was speculated by a previous study for globular cluster stars (Kirby et al. 2016 ). This hypothesis now has observational support for the first time with our systematic search for Li-rich very metal-poor stars. The probability of finding red giants with T eff ∼ 5000 K is several times higher than that of finding subgiants with T eff ∼ 6000 K in a magnitude-limited sample, according to stellar evolution models (e.g., Kim et al. 2002) . This is because of the higher luminosity of red giants, even though the time scale of their evolution is shorter. Hence, if the frequency of Li-rich stars is similar among both subgiants and red giants, it is no wonder that Li-rich giants have been observed before our discovery of Li-rich subgiants. We note that there are some very Li-rich objects with higher luminosity, some of which are quoted to be AGB stars in literature. There could be another origin of Li-excess for these highly evolved stars.
If the above interpretation is correct, the essential problem is the source of the extremely large Li-excess in main-sequence turn-off stars or subgiants like J0741+2132. Since no significant internal mixing (with short timescale) is expected in such unevolved stars, at least within the framework of standard stellar evolution theory, Li production by the Cameron-Fowler mechanism in a single star is very unlikely. Hence, interaction with other objects would be necessary.
Engulfment of planets having a high Li abundance (e.g. rocky planets) is proposed as a possible origin of Li excess (Siess & Livio 1999) . This is, however, also unlikely as efficient planet formation is not expected in very metal-poor stars. Moreover, the amount of Li contained in J0741+2132 is too high to be explained by this scenario. Assuming 0.03 M ⊙ for the surface convective layer with A(Li) = 4.5, the Li mass contained in the layer is about 10 −8.2 M ⊙ . To provide this amount of Li from material with primordial abundance (A(Li) ∼ 2.2), the total mass of original material required is larger than 1 M ⊙ . Formation of planets in which Li is concentrated from material with such large mass, and subsequent accretion to the stellar surface, is highly improbable.
A remaining scenario is accretion of matter affected by Li production in a companion star in the AGB or highly evolved red giant phase. The companion could be an unseen white dwarf at present. There is, however, no signature of high binary frequency in our sample from radial velocity monitoring nor from photometry. Moreover, there is no signature of excess in carbon and neutroncapture elements, which are usually regarded as a signature of mass transfer from an AGB companion.
Recently, nova explosions have been identified as a promising source of Li in the universe by the measurement of Li and 7 Be in nova spectra (Tajitsu et al. 2015; Izzo et al. 2015) . No significant excesses of other elements have been found in such observations for novae. Accretion of material ejected from a nova to a low-mass star is an attractive idea to explain the Li-rich stars (Gratton & D'Antona 1989) . There is, however, no model of mass accretion from a nova to a low-mass star at present. Hence, this is still a speculation just from the abundance properties.
Another scenario to be investigated is an extra mixing caused by merging events with planets or other small mass objects, which might induce the Cameron-Fowler mechanism even in stars before the RGB bump (Denissenkov & Herwig 2004) . Such merging events could result in high rotation velocity of the surface of stars by additional angular momentum brought by the small objects. No signature of rapid rotation is found in our sample. However, this does not exclude the above possibility, because the objects could be sufficiently old so that the rotation has already become slow after the merging event. Another possible signature of a merging event is the increase in total stellar mass as suggested for the formation of blue straggler stars. Accurate mass estimates for these objects by high precision luminosity (i.e., distance) measurement or by stellar seismology are highly desirable to examine this possibility.
SUMMARY AND CONCLUDING REMARKS
This work reports elemental abundances of 12 very metal-poor stars with large excess of Li. This is the largest sample of such objects covering a wide range of evolutionary stages. The existence of Li-rich stars indicates that there are still unknown processes in low-mass star evolution, even in the phase before they evolve into red giants, the study of which is usually regarded as a well-established field in astrophysics. Solving the mystery of their origin will provide new insight into the structure and evolution of low-mass stars, which could propagate in the studies of planetary systems and of Galaxy formation based on observations of low-mass stars.
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